Mono-ADP-ribosyltransferases catalyze the transfer of the ADP-ribose moiety of nicotinamide adenine dinucleotide (NAD) t o proteins. It was reported by Wang et al (J Immunol 153:4048, 1994) that incubation of mouse cytotoxic T lymphocytes (CTL) with NAD resulted in the ADP-ribosylation of membrane proteins and inhibition of cell proliferation and cytotoxicity. Treatment of CTL with phosphatidylinositolspecific phospholipase C (PI-PLC) before incubation with NAD prevented the inhibitory effects of NAD on the cells, consistent with the removal of a glycosylphosphatidylinosi-to1 (GPI)-anchored ADP-ribosyltransferase on the lymphocyte surface. We have identified and cloned a GPI-linked ADP-ribosyltransferase from Yac-1 mouse T-cell lymphoma cells. The deduced amino acid sequence of the Yac-1 transferase was 70% and 41% identical t o those of the rabbit skeletal muscle and chicken heterophil, respectively. It con-ONO-ADP-ribosylation, catalyzed by ADP-ribosyl-From the Pulmonary-Critical Care Medicine Branch, National Heart, Lung,
M transferases, is a posttranslational modification of proteins in which the ADP-ribose moiety of nicotinamide adenine dinucleotide (NAD) is transferred to an acceptor amino acid.' ADP-ribosyltransferase activity has been detected in bacteriophages,' bacteria,' and animal cells'; the best characterized are the bacterial toxins. Cholera toxin ADP-ribosylates a critical arginine in Gsa, the stimulatory a-subunit of the heterotrimeric GTP-binding (G) protein, resulting in the stimulation of adenylyl cyclase and resultant increase in intracellular CAMP.' Diphtheria toxin3 and Pseudomonas aeruginosa exotoxin A4 modify a diphthamide in elongation factor 2, causing inhibition of protein synthesis and resulting cell death. Pertussis toxin ADP-ribosylates an essential cysteine in the a-subunit of G,, Go, and G,, which results in uncoupling of the G-protein from its receptor.5 ADP-ribosyltransferase activity has been detected in numerous animal tissues including turkey erythrocytes,b rat liver,7 rabbit skeletal muscle,' chicken heterophils,'.1° rat brain," and mouse T-cell lymphoma cells." A family of vertebrate transferases have been purified that, like cholera toxin, ADP-ribosylate arginine or other simple guanidino compounds. The rabbitI3 and human14 skeletal muscle, and chicken heter~phil'~ transferases have been cloned and shown to have significant similarity of deduced amino acid sequences. The skeletal muscle transferases appear to be glycosylphosphatidylinositol (GP1)-anchored exoenzymes. l 4 The deduced sequences contain hydrophobic amino and carboxy termini, consistent with signal sequences for endoplasmic reticulum (ER) transport and GPI-anchor addition.I6 The transferase, expressed in rat mammary adenocarcinoma (NMU) cells, was released from the plasma membrane by phosphatidylinositol-specific phospholipase C (PI-PLC).'4~ '7 At least one substrate of the transferase may be involved in cell-matrix interactions. In the mouse C2C12 skeletal muscle cell line, integrin a7 is ADP-ribosylated by the GPIanchored enzyme." The modified integrin is processed by extracellular phosphodiesterases resulting in the release of S'AMP, leaving a phosphoribosylated integrin.'' Treatment of chick myoblasts with meta-iodobenzylguanidine, a spe-tained three noncontiguous sequences similar t o those found in several of the bacterial toxin and vertebrate ADPribosyltransferases. Based on crystallography of the bacterial toxins, these regions are believed t o form, in part, the catalytic site consistent with a common mechanism for the ADP-ribose transfer reaction. In rat mammary adenocarcinoma (NMU) cells transformed with the Yac-1 transferase cDNA, transferase activity was present on the cell surface and was released into the medium by treatment of cells with PI-PLC. Thus, we have cloned a novel gene that has properties identical t o the transferase detected in CTL, and may be involved in the NAD-dependent regulation of proliferation and cytotoxicity. This is a US government work. There are no restrictions on its use. cific inhibitor of mono-ADP-ribosyltransferases, blocked ADP-ribosylation and fusion of differentiating muscle cells;' consistent with the hypothesis that ADP-ribosylation may play a role in myogenesis.
Evidence was recently reported for a plasma membrane ADP-ribosyltransferase activity modifying the response of murine cytotoxic T lymphocytes (CTL)." Incubation of CTL with 10 pmol/L NAD in mixed lymphocyte reactions inhibited proliferation; 100 pmol/L NAD abolished cytotoxicity, whereas NAD metabolites were inactive. Incubation of intact CTL with PI-PLC released a 35-kD ADP-ribosyltransferase and prevented the NAD-induced suppression of CTL proliferation and cytotoxicity,'' consistent with the notion that ADP-ribosylation of extracellular membrane protein(s) altered the function of CTL. We report here the cloning and characterization of an arginine-specific, GPI-linked ADPribosyltransferase from mouse T-cell lymphoma (Yac-1) cells, which may be responsible for the NAD-dependent modulation of CTL function.
MATERIALS
Mouse T-cell lymphoma (Yac-I) cells and rat mammary adenocarcinoma (NMU) cells were obtained from American Type Culture Collection ( Ci/mmol) were from Amersham (Arlington Heights, IL), and a["P]-dATP (6,000 Ci/mmol) was from New England Nuclear (Boston, MA). Superscript cDNA Library Synthesis Kit and Lambda Packaging System, and Geneticin ((3418) were purchased from GIBCO-BRL (Bethesda, MD).
EXPERIMENTAL PROCEDURES
Cell culture. Mouse T-cell lymphoma (Yac-I) cells were grown in RPMI 1640 with 25 mmol/L HEPES and L-glutamine. NMU cells were grown in Eagle's minimum essential media with Earle's balanced salt solution containing L-glutamine (BioWhittaker Inc. Walkersville, MD). Cells were grown to confluence at 37°C under 5% COz.
An RNA Isolation Kit (Stratagene, La Jolla, CA) was used to extract total RNA from Yac-l cells ( I x IO'). Poly(A)' RNA (5 pg) purified from total RNA using the Poly(A) Quik mRNA Purification Kit (Stratagene) was used to generate a cDNA library in Agt22A using the Superscript Lambda System for cDNA Synthesis and A Cloning. The cDNA library was packaged using the Lambda Packaging System, and amplified to 2.5 X 10" plaque-forming units (pfu)/mL as suggested by the manufacturer. The library (5 X IO4 pfu) was screened with the rabbit skeletal muscle ADP-ribosyltransferase cDNA" labeled with ["PIdATP using the Random Primed Labelling Kit (Boehringer Mannheim, Indianapolis, IN). Filters were prehybridized 4 hours at 42°C in 5 X SSC ( 1 X = 0.15 molL NaCl and 15 mmol/L sodium citrate), 1 X Denhardt's solution (0.02% bovine serum albumin, 0.02% polyvinylpyrrolidone, and 0.02% Ficoll), 10% dextran sulfate, 50% formamide. 0.5% sodium dodecyl sulfate (SDS), and salmon sperm DNA (100 pg/mL), and hybridized overnight at 42°C in the Construction and screening of cDNA libray. same solution. Filters were washed once at 25°C for 20 minutes in 2 x SSC and 0.1 % SDS. and twice at 42°C for 20 minutes in I X SSC and 0.1% SDS.
Subcloning and DNA sequencing of Yac-I ADP-ribosyltransferase clones. Purified clones were amplified ( I X 10'' pfu/mL), and lambda DNA was isolated from purified plaques using the Qiagen Lambda Maxi Kit (Qiagen, Chatsworth, CA). The cDNA insert was amplified by polymerase chain reaction (PCR) from the phage DNA ( IO0 ng) with forward (5'-CUACUACUACUAGGTGGCGAC-GACTCCTGGAGCC-3') and reverse (5'-CAUCAUCAUCAU-GACACCAGACCAACTGGTAATG-3') primers ( 100 pmol each), using the PCR Master Kit (Boehringer Mannheim), for 35 cycles of 95°C. 1 minute/55"C, I minutel72"C. 1.5 minutes, followed by a 7minute extension at 72°C. The PCR product was purified from a 1 % agarose gel using the QIAquick Gel Extraction Kit (Qiagen), and subcloned into the pAMPl vector using the CLONEAMP System (GIBCO-BRL). Competent Escherichia coli (DH5a) were transformed with the recombinant plasmid DNA and grown on LB plates containing ampicillin, 100 pg/mL. Plasmid DNA was isolated from Ecoli using the Qiagen Plasmid Kit (Qiagen), and both strands were sequenced using the 7-deaza-dGTP Sequencing Kit (USB, Cleveland, OH).
A Multiple Tissue Northern (MTN) blot containing poly(A)' RNA (2 pg) from mouse tissues obtained from ClonTech (Palo Alto, CA) was prehybridized in 5 X SSPE (IX = 0.15 molL NaCI, 10 mmoln NaH2PO4. HzO, I mmol/L Na2EDTA), 1OX Denhardt's solution, 50% formamide, 2% SDS, and salmon sperm DNA (100 pg/mL), followed by hybridization in the same solution containing a ["PI-dATP-labeled Yac-I transferase cDNA at 42°C for 18 hours. The membrane was washed three times in 2X SSC, 0.05% SDS for 10 minutes at 25°C. and once in 0 . 5~ SSC, 0.1% SDS for 30 minutes at 42°C. The blot was exposed to X-OMAT AR film (Kodak, Rochester, NY) for 18 hours.
Poly(A)' RNA (2 pg), isolated from Yac-I cells (1 X IO' ) using the FastTrack 2.0 Kit (Invitrogen, San Diego, CA), was fractionated on a I % agarose/formaldehyde gel, transferred to a nylon membrane using the Turboblotter transfer system (Schleicher and Schuell, Keene, NH), and prehybridized and hybridized as described above, using the Yac-1 transferase or mouse Rt6 locus 1 cDNAs as probes. The membrane was washed three times in 2X SSC, 0.05% SDS for 10 minutes at 25°C. and once in I X SSC, 0.1% SDS for 30 minutes at 25°C before exposure to film for 18 hours.
Consiruction of expression vector and iransformation of NMV cells. The Yac-1 ADP-ribosyltransferase cDNA was amplified and subcloned into the pMAMneo mammalian expression vector as previously de~cribed.'~ Briefly, the Yac-I transferase coding region cDNA was amplified by PCR from the purified lambda DNA (100 ng) using the forward (5'-ACGTACGTACGTGCTAGCATGAAG-ATTCCTGCTATGATGTCT-3') and reverse (5'-ACGTACGTA-CGTCTCGAGTCAACATCGGGTAAGTTGCTGGAG-3') primers (100 pmol each), under conditions identical to those described above. The PCR product was gel-purified and subcloned into pMAMneo; the recombinant plasmid was isolated using the Qiagen Plasmid Kit. NMU cells were transfected with the purified plasmid (15 pg) by the calcium phosphate precipitation method. Stable transfectants were selected with (3418, 1 mg/mL. Expression of ADP-ribosyltransferase was induced by incubation of cells for 24 hours with I pmoln dexamethasone sodium phosphate (MG Scientific, Buffalo Grove, IL).
Effect of PI-PLC on release of ADP-ribosyltransferase from Yac-I cells and transformed NMU cells. Yac-1 cells (1 X IO') were washed with Dulbecco's phosphate-buffered saline (PBS) (BioWhittaker Inc), resuspended in 0.7 mL PBS, and incubated for I hour at
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For personal use only. on November 11, 2017. by guest www.bloodjournal.org From In other experiments, NMU cells (1 X lo6) transformed with the Yac-1 transferase cDNA or the pMAMneo vector alone, were collected by trypsinization following induction with dexamethasone. The cells were washed, incubated in PBS (0.7 mL) with or without 0.1 U PI-PLC, and lysed in hypotonic potassium phosphate as described above. Transferase activity was assayed in 50-pL samples from PBS, 
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For personal use only. on November 11, 2017. by guest www.bloodjournal.org nantly in the membrane fraction, as previously reported." Of the total activity in the membranes, -34% was released into the medium by PI-PLC (Fig l) , consistent with the presence of a GPI-linked transferase. Transferase activity remaining in the membrane may have been resistant, or inaccessible to PI-PLC. Cloning and characterization of the Yac-I ADP-ribosyltransferase. Two independent clones from the Yac-l cDNA library hybridized with the rabbit skeletal muscle transferase cDNA. The clones, which were identical, had open reading frames of 975 nucleic acids that encoded a 325-amino acid protein (Fig 2) . Two in-frame stop codons, at positions -48 and -42, in the 5'-untranslated region and a poly(A)' tail, 347 nucleotides downstream from the stop codon, were noted. There were hydrophobic sequences near both amino and carboxy termini, consistent with signal sequences for ER transport and GP1 addition.I6 The deduced amino acid sequence of the Yac-l transferase was similar to those of the other cloned vertebrate transferases and RT6.2, the rat T-cell alloantigen which is a NAD glycohydrolase'' (Fig 3) . The Yac-l transferase was 77% and 75% identical in deduced amino acid sequence to those from human and rabbit skeletal muscle, respectively. The chicken heterophil transferase and the RT6.2 NADase, on the other hand, were only 41% and 34% identical, respectively, to the Yac-l enzyme. On Northern analysis, a labeled Yac-l transferase cDNA probe hybridized with a major 1.6-kb band and minor 6.0kb band in poly(A)+ RNA from mouse heart and skeletal muscle ( Fig 4A) , consistent with the significant identity in amino acid sequences of the Yac-1 and skeletal muscle transferases. The Yac-l transferase cDNA also showed weak hybridization with a 1.6-kb band in poly(A)' RNA from mouse lung, which could be caused by the presence of a related lung transferase. In addition, the Yac-l transferase cDNA probe hybridized weakly with a 1.8-kb mRNA band from Yac-l cells ( Fig 4B) consistent with a low abundance of Yac-l transferase mRNA from these cells. The absence of hybridization in the spleen may likewise be due to rarity or lack of Yac-l transferase inRNA in splenic lymphocytes. There was no hybridization of a mouse Rt6 locus 1 cDNA with poly(A)+ RNA from Yac-l cells (data not shown) consistent with the hypothesis that the Yac-l transferase, but not Rt6, is expressed in the Yac-l cells.
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Expression of the Yac-l ADP-ribosyltransferase. NMU cells were transformed with the coding region cDNA generated from the Yac-l cDNA clone. ADP-ribosyltransferase activity was detected in the soluble and membrane fractions of transformed NMU cells (Fig 5) , similar to the results with Yac-l cells. There was negligible transferase activity in cells transformed with the vector alone (data not shown). Transferase activity in transformed cells was -400-fold greater than that observed in Yac-l cells. When intact cells were incubated in the presence of 0.1 U PI-PLC, 25% of the transferase activity in the membrane fraction was released into the medium ( Fig 5) . As in the Yac-l cells, not all the membrane-bound transferase activity was solubilized by 0.1 U PI-PLC. Whereas the rat T cell RT6.2 NAD glycohydrolase was capable of auto-ADP-ribosylation,z3 the Yac-l transferase was able to use the simple guanidino compound agmatine as ADP-ribose acceptor, further distinguishing the Yac-l enzyme from the rodent RT6 proteins.
Effect of NAD on Yac-l. To determine whether NAD had an effect on Yac-l cells similar to that observed with mouse CTL,*' Yac-l cells ( 1 X IO5) were incubated with ['Hlthymidine (1 pCi) for 24 hours at 37°C after a 1-to 4hour exposure to 0, 1, IO, or 100 pmol/L NAD. There was no effect of NAD on the proliferation of Yac-l; the fact that these lymphoma cells are immortalized may have affected the response to NAD.
The amino acid sequences of the Yac-l and other vertebrate transferases have regions of similarity to several of the bacterial toxin ADP-ribosyltransferases. The bacterial toxin transferases contain three noncontiguous regions of amino acid sequence similarity (Fig 3) , which form part of the catalytic ~i t e . *~. *~ In the H-R region, a histidine or arginine is believed to be involved in hydrogen bond formation with aromatic and hydrophobic residues that form a pocket that binds the nicotinamide and adenine ring of The acidic region contains a conserved, active site glutamic
The deduced amino acid sequences of the vertebrate transferases, likewise, contain these regions of similarity, which may be functionally analogous to those of the bacterial toxin^.'^.'^ The ADP-ribosyltransferase activity reported in mouse CTL appears to be similar in physical and enzymatic properties to the transferase cloned from Yac-l cells. The alignment of the Yac-1 transferase with the other vertebrate transferases and regions of sequence similarity with the bacterial toxins are consistent with a common mechanism for ADP-ribose transfer reactions. Identification of the GPI-linked Yac-1 ~~~. 2 6 -3 0
The hydrophobic region comprises closely spaced transferase should facilitate elucidation of the role of ADPribosylation in lymphocyte function.
